Doppler echocardiography is a noninvasive method for estimating and grading pulmonary arterial hypertension. No current literature associates significance of radiographic findings with severity of pulmonary arterial hypertension. We hypothesized that the number and conspicuity of radiographic findings suggestive of pulmonary arterial hypertension would be greater based on the severity of pulmonary arterial hypertension. Dogs with pulmonary arterial hypertension and normal control dogs were included in this retrospective, case control study. Three radiologists blinded to echocardiographic results scored thoracic radiographs for right ventricular and main pulmonary artery enlargement and pulmonary lobar artery enlargement, tortuosity, and blunting by multiple methods. Presence or absence of each finding was scored in an additive fashion and averaged for each grade of pulmonary arterial hypertension severity. Seventy-one dogs (60 dogs with pulmonary arterial hypertension and 11 control dogs) of which some had multiple studies were included: 20 mild, 21 moderate, 25 severe, and 11 absent pulmonary arterial hypertension. The following radiographic findings were significantly associated with increasing pulmonary arterial hypertension severity: right ventricular enlargement by "reverse D" and "3/5-2/5 cardiac ratio" methods, main pulmonary artery enlargement, and caudal lobar artery enlargement by the "3rd rib" method. Mean scores for severe pulmonary arterial hypertension and normal dogs were significantly different (P-value < 0.0001). Mean scores between different pulmonary arterial hypertension grades increased with severity but were not statistically significant. Individually and in combination, radiographic findings performed poorly in differentiating severity of pulmonary arterial hypertension. Findings indicated that thoracic radiographs should be utilized in conjunction with Doppler echocardiography in a complete diagnostic work-up for dogs with suspected pulmonary arterial hypertension.
INTRODUCTION
Pulmonary arterial hypertension refers to persistently increased pressure in the pulmonary arteries greater than normal. [1] [2] [3] [4] [5] The gold standard for diagnosis of pulmonary arterial hypertension is catheterization of the right heart and main pulmonary artery to directly measure systolic, diastolic, and mean pulmonary arterial pressures. 1, 2, 6, 7 Doppler echocardiography is a noninvasive method for estimating pulmonary arterial pressures, the use of which has been previously described in dogs. Pulmonary arterial hypertension can be graded as mild, moderate, or severe using the peak tricuspid regurgitation velocity and the modified Bernoulli equation to estimate systolic pulmonary arterial pressure. 2, 8 Thoracic radiographs for evaluation of the cardiac silhouette, pulmonary vasculature, pulmonary parenchyma, and pleural space often accompany the echocardiographic exams.
Reported radiographic signs associated with pulmonary arterial hypertension in dogs include right ventricular enlargement, main pulmonary artery enlargement, pulmonary lobar artery enlargement, and pulmonary lobar artery blunting and tortuosity, though the association of radiographic and echocardiographic findings in dogs with pulmonary Vet Radiol Ultrasound. 2017;58:454-462.
c 2017 American College of Veterinary Radiology 454 wileyonlinelibrary.com/journal/vru arterial hypertension has not been well characterized. 1, 4, [9] [10] [11] [12] [13] [14] Echocardiographic findings are reported to parallel the severity of pulmonary hypertension, 3 whereas radiographic changes have been inconsistent and described with a wide range of terms from nonspecific to suggestive to supportive of pulmonary arterial hypertension. 1, 2, 4 Radiographic evaluation of pulmonary hypertension has been considered insensitive in the past, even for cases of severe pulmonary arterial hypertension. 1, 15 In one retrospective study evaluating the clinical characteristics of dogs with Doppler derived evidence of pulmonary arterial hypertension, thoracic radiographs were called nonspecific, being abnormal in almost all dogs (98%), with cardiomegaly reported most often (84%). Right-sided and left-sided cardiomegalies were both included and were not differentiated in this study. Pulmonary arterial enlargement was noted in 31% of dogs, though it was suggested that a case-controlled prospective trial would be needed to establish sensitivity of these findings for pulmonary arterial hypertension. Pulmonary parenchymal infiltrates were noted in 65% of the cases, and it was concluded thoracic radiographic findings did help facilitate identification of the primary disease condition. 2 In this study, the significance of radiographic findings were not associated with level of pulmonary arterial hypertension severity.
No current literature associates specific thoracic radiographic findings with severity of pulmonary arterial hypertension. The objective of this study was to determine if specific radiographic findings are associated with the severity of pulmonary arterial hypertension. Our hypothesis was that the more severe the pulmonary arterial hypertension, the greater the number and conspicuity of these specific thoracic radiographic findings.
MATERIALS AND METHODS

Dog selection criteria
The study was a retrospective, case-control design. A review of the medical records at the Colorado State University Veterinary Teach- This time frame included a transition from film-screen radiography to digital radiography, leading to the inclusion of both types of images in the radiographs evaluated. Based on the echocardiographic report entered into the medical record by board-certified cardiologists or cardiology residents, these cases were characterized as mild, moderate, or severe via Doppler echocardiography measurements utilizing tricuspid regurgitation peak velocity and the modified Bernoulli equation.
Mild pulmonary arterial hypertension was defined as a systolic pulmonary artery pressure of 35-50 mm Hg (tricuspid regurgitation [TR] maximum velocity of 2.9-3.5 m/s), moderate pulmonary arterial hypertension as 51-75 mm Hg (tricuspid regurgitation maximum velocity of 3.6-4.3 m/s), and severe pulmonary arterial hypertension as greater than 75 mm Hg (tricuspid regurgitation maximum velocity of greater than 4.3 m/s). A group of normal dogs from the same time period (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) were included for controls. These control dogs were not age-or breed-matched but had normal echocardiographic exams with no evidence of pulmonary hypertension and had thoracic radiographs within 24 hours of this exam.
Thoracic radiographic data recorded
All thoracic radiographs were placed into six groups comprised of 12 exams each with a seventh group comprised of the remaining five exams. Twelve radiographic exams per group were randomly selected as a manageable number to evaluate. These groups were randomized with control dogs and mild, moderate, and severe pulmonary arterial hypertension cases. The film-screen studies and digital studies were also randomized among the groups such that evaluators were responsible for reviewing both types within each group of cases. Thoracic radiographs for these cases were systematically evaluated and independently scored by three board-certified veterinary radiologists For right ventricle enlargement on a lateral view, elevation of the cardiac apex from the sternum was utilized, 11, 16 while on the ventrodorsal or dorsoventral recumbent view, bulging of the right ventricle component of the cardiac silhouette, previously described as an inverted or reversed letter D, was utilized as evidence for this finding. 11, 17, 18 Also, on a lateral recumbent view, an estimation of right (3/5) to left (2/5) heart ratio was utilized. This method represents a measurement ratio utilized at Colorado State University Veterinary Teaching Hospital and is similar to a previously described evaluation of the right heart on a lateral view. 11 This ratio was estimated by drawing a line ventrally from the carina that runs parallel with the cranial and caudal margins of the heart (Fig. 1) . As the cranial margin is typically curved, drawing the line parallel to the cranial dorsal margin of the heart (as in Fig. 1 ) or tangential to the most cranial aspect of the curved surface may be required. The ratio of the cardiac silhouette should be 3/5 (right heart) cranial to this line and 2/5 (left heart) caudal to this line. If greater than 3/5 is cranial to this line, this was considered supportive of right ventricle enlargement.
Main pulmonary artery enlargement was subjectively evaluated by presence of a notable soft tissue bulge in the one to two o'clock position of the heart on the ventrodorsal or dorsoventral recumbent view.
On the lateral recumbent views, there could also be a bulge at the cranial dorsal aspect of the cardiac silhouette to further support main pulmonary artery enlargement. 11, 17, 18 Lobar pulmonary artery enlargement was evaluated by three separate methods. On left lateral recumbent views, the right cranial lobar pulmonary artery was measured at the level of the 4th intercostal space and compared with the width of the right 4th rib at a level just ventral to the vertebral column. An artery greater than 1.2 times F I G U R E 1 Left lateral thoracic radiograph. Example of 3/5-2/5 rule for evaluation of right heart enlargement. Right and left heart ratio is estimated by drawing a line (black line) ventrally from the carina that runs parallel with the cranial and caudal margins of the heart. The ratio should be 3/5 (right heart) cranial to this line and 2/5 (left heart) caudal to this line. Greater than 3/5 cranial to this line is considered supportive of right ventricle enlargement. Notice the line does not extend to the apex of the heart, as this would falsely overestimate the right heart size when using the 3/5-2/5 rule. This heart is considered normal the width of the right 4th rib was considered dilated. 19 Second, on dorsoventral or ventrodorsal recumbent views, the width of either the right or left caudal pulmonary arteries (whichever was most visible/measureable), immediately cranial to the first visible branch of this artery, was compared with the width of the dorsal aspect of the 3rd rib on that side, with a ratio that should be approximately 1:1 ( Fig. 2A and B). Third, on dorsoventral or ventrodorsal recumbent radiographs, the size of the caudal lobar arteries should be similar to the associated pulmonary veins and were compared to the thickness of the 9th rib at the point where the rib and vessel intersect. The artery was considered dilated if its diameter exceeded the diameter of the 9th rib at its intersection. 18, 20 Tortuosity or blunting of the lobar pulmonary arteries was determined subjectively as being present or not present. 10 A consistent scoring system was utilized for the thoracic radiographs. For each reviewer, evidence of the above radiographic findings based on each described method of evaluation would dictate a case receiving a score of "1" for that finding by that method. Otherwise, the case would receive a score of "0" for that finding and method of evaluation (Fig. 3) . A radiographic finding was considered "present" if at least two of three reviewers suggested its presence. Otherwise it was considered "absent." Each case received a total score for all nine radiographic findings evaluated (range of 0-9). The total scores were averaged into groups of mild, moderate, and severe pulmonary F I G U R E 2 (A) Ventrodorsal thoracic radiograph. Example of caudal lobar artery evaluation by comparison to the 3rd rib. The width of the most visible/measureable caudal lobar artery immediately cranial to the first visible branch of this artery was compared with the width of the dorsal aspect of the 3rd rib on that side, with a ratio that should be approximately 1:1. This artery is considered normal. (B) Magnified area of interest for measurement of left caudal lobar artery and left 3rd rib in A. Black dots focally outline the margin of the artery and branches. This artery is considered normal F I G U R E 3 Example of score sheet utilized by reviewers. A total of nine radiographic findings associated with pulmonary arterial hypertension were evaluated by the described methods. Cr, cranial; Cd, caudal; VD, ventrodorsal arterial hypertension cases to determine a mean score for each grade of pulmonary arterial hypertension. The total scores for the control dogs were also averaged in this manner.
Statistical analysis
A statistician selected and performed all analyses using commercially available software (SAS 9.4, SAS Institute, Cary, NC). Fisher's exact test was used to assess the association between radiographic findings and pulmonary arterial hypertension severity level. Radiographic data satisfied the normality assumption but not the assumption of homogeneity of variances among comparison groups, and analysis of variance followed by Dunnett's test was used to compare mean scores among dogs with each pulmonary arterial hypertension severity grade and control animals. Significance was indicated by a P-value less than or equal to 0.05. The ability of individual and combined significant radiographic findings to differentiate between severe pulmonary arterial hypertension dogs and normal (control) dogs was assessed using sensitivity and specificity. Radiographic findings included right ventricle enlargement by the "reverse D" method, main pulmonary artery enlargement, and caudal pulmonary artery enlargement by comparison to the 3rd rib.
RESULTS
A total of 71 dogs (60 dogs with pulmonary arterial hypertension and 11 control dogs) met the inclusion criteria. Of the 60 dogs diagnosed via echocardiography with pulmonary arterial hypertension, there were 20 mild cases, 21 moderate cases, and 25 severe cases (six dogs were included in the total twice and evaluated as separate data points, as those patients had both an echocardiographic exam and accompanying thoracic radiographs at two different time points).
A significant association for a radiographic finding in this study was determined when the presence of that finding on thoracic radiographs increased as pulmonary arterial hypertension severity increased (Table 1) . Right ventricular enlargement by the "reverse D" method was significantly associated for all three reviewers. The presence of this finding for all reviewers with each level of severity was 36%, 39%, 49%, and 0% for mild pulmonary arterial hypertension, moderate pulmonary arterial hypertension, severe pulmonary arterial hypertension, and control dogs, respectively. Right ventricular enlargement by the "3/5-2/5 ratio" method was significantly associated for two of three reviewers. The presence of this finding for all reviewers with each level of severity was 33%, 42%, 51%, and 6% for mild pulmonary arterial hypertension, moderate pulmonary arterial hypertension, severe pulmonary arterial hypertension, and control dogs, respectively. Main pulmonary artery enlargement was significantly associated for two of three reviewers. The presence of this finding for all reviewers with each level of severity was 26%, 37%, 48%, and 12% for mild pulmonary arterial hypertension, moderate pulmonary arterial hypertension, severe pulmonary arterial hypertension, and control dogs, respectively. Caudal lobar pulmonary artery enlargement by comparison to the 3rd rib was significantly associated for two of three reviewers. The presence of this finding for all reviewers with each level of severity was 44%, 51%, 59%, and 9% for mild pulmonary arterial hypertension, moderate pulmonary arterial hypertension, severe pulmonary arterial hypertension, and control dogs, respectively.
The remainder of the evaluation methods for the radiographic findings were not significantly associated with pulmonary arterial hypertension for all readers; including elevation of the cardiac apex to evaluate right ventricle enlargement, comparison of the pulmonary lobar arteries to the 4th and 9th ribs to evaluate artery enlargement, and subjective evaluation of the pulmonary arteries for tortuosity and blunting. These signs were either significantly associated for only one *Indicates a significant difference (P-value < 0.001) between the combined mean score for the respective pulmonary arterial hypertension (PAH) severity level and the combined mean score for control dogs. Mean scores between different pulmonary arterial hypertension grades increased with severity but were not statistically significantly different from each other.
of three reviewers or not significantly associated for any of the three reviewers.
Mean scores for each level of pulmonary arterial hypertension severity were 1.92, 2.27, 2.84, and 0.39, for mild pulmonary arterial hypertension, moderate pulmonary arterial hypertension, severe pulmonary arterial hypertension, and control dogs, respectively (Table 2 ). There was no significant difference in the mean scores of the levels of pulmonary arterial hypertension. There were, however, significant differences between the mean scores for the pulmonary arterial hypertension cases and the control (normal) cases (all
P-values <0.001).
Sensitivity and specificity were determined for individual and combinations of significant radiographic findings, including right ventricle enlargement by the "reverse D" method, main pulmonary artery enlargement, and caudal pulmonary artery enlargement by comparison to the 3rd rib, specifically when trying to differentiate only severe pulmonary arterial hypertension cases from control (normal) animals (Table 3 ). There was an 84% sensitivity and 91% specificity for a severe pulmonary arterial hypertension case having at least right ventricle, main pulmonary artery, or caudal lobar artery enlargement when compared to control cases. There was a 56% sensitivity and 100% specificity for a severe pulmonary arterial hypertension case having any two of right ventricle, main pulmonary artery, or caudal lobar artery enlargement when compared to control cases. Combining all three findings was 24% sensitive and 100% specific for differentiating severe pulmonary arterial hypertension cases and control cases.
DISCUSSION
This study attempted to determine if specific thoracic radiographic findings previously reported in dogs with pulmonary arterial hypertension are associated with the severity of pulmonary arterial hypertension diagnosed by Doppler echocardiography. The hypothesis was that, as pulmonary arterial hypertension severity increased, these radiographic findings would increase as well. Significant association for a radiographic finding in this study implied that the presence of that finding on thoracic radiographs increased as pulmonary arterial hypertension severity increased.
Right ventricular enlargement on the ventrodorsal or dorsoventral view by the "reverse D" method was the only finding that proved significantly associated for all three reviewers, meaning the presence of right ventricle enlargement by this method increased with pulmonary arterial hypertension severity in a stepwise manner for each reviewer individually. However, it is worth noting that the presence of this finding for all reviewers between severity groups was only slightly different, especially between mild (36%) and moderate pulmonary arterial hypertension (39%). Also, a radiographically detectable enlarged right ventricle can be due to causes other than pulmonary arterial TA B L E 3 Sensitivity and specificity of individual and combinations of significant radiographic findings in distinguishing between severe pulmonary arterial hypertension and control dogs
Radiographic finding Sensitivity Specificity
Bulging right ventricle on VD "Reverse D" 48% 100%
Bulge at 1-2:00 position on VD for MPA enlargement 52% 100%
Cd lobar arteries on VD compared to 3rd ribs 64% 91%
Bulging right ventricle on VD or bulge at 1-2:00 position on VD or Cd lobar arteries on VD compared to 3rd ribs 84% 91%
Any two of bulging right ventricle on VD, bulge at 1-2:00 position on VD, Cd lobar arteries on VD compared to 3rd ribs 56% 100%
Bulging right ventricle on VD and bulge at 1-2:00 position on VD and Cd lobar arteries on VD compared to 3rd ribs 24% 100%
Cd, caudal; MPA, main pulmonary artery; VD, ventrodorsal hypertension, such as pulmonic stenosis or ventricular septal defect (although this enlargement is usually mild in the latter). 18 Perhaps by assessing the orthogonal view using the "3/5-2/5 ratio" as a second significant indicator of right ventricle enlargement, together with the "reverse D" method, the chance of diagnosing right ventricle enlargement on radiographs can be improved.
All other significantly associated findings, including right ventricle enlargement by the "3/5-2/5 ratio" method, main pulmonary artery enlargement, and caudal lobar pulmonary artery enlargement by comparison to the 3rd rib, were significant for two of three reviewers. Interestingly, the difference in incidence percentages for all reviewers with each radiographic finding between severity groups were all larger than the small increase of 3% in right ventricle enlargement by the "reverse D" method noted between mild and moderate pulmonary arterial hypertension. Yet still, none of these findings occurred in more than 60% of even the severe pulmonary arterial hypertension studies when calculating a percentage of the incidence in total number of evaluations. These findings, unlike right ventricle enlargement by the "reverse D" method, also occurred occasionally in the control group and that decreases their inherent specificity.
In our study, it was surprising that the previously described method for assessing radiographic pulmonary lobar artery enlargement (comparison to the 4th and 9th ribs) was less significantly associated with increasing pulmonary arterial hypertension severity when compared to the unpublished method of evaluation based on comparison to the 3rd ribs. [18] [19] [20] A prospective study of control dogs using this method would need to be completed to establish a normal range for caudal lobar pulmonary artery width to 3rd rib width ratio before consistently utilizing this technique for evaluation of pulmonary arterial enlargement. The lack of significant association identified in the previously published methods indicated that radiographic changes of pulmonary vasculature may be unreliable predictors for the presence of pulmonary arterial hypertension. Subsequently, this lack of significant association may decrease the confidence in using this finding to support a radiographic diagnosis of pulmonary arterial hypertension and certainly to differentiate levels of pulmonary arterial hypertension severity on thoracic radiographs.
No significant association was observed for the radiographic sign of pulmonary artery blunting or tortuosity. This may partially be due to the inherent subjectivity in evaluating and scoring these parameters. In the literature, blunting, and tortuosity are also primarily attributed to cases in which canine heartworm disease is the underlying etiology of pulmonary arterial hypertension. 1, 9, 10, 18 These findings may have been insignificant in our study population due to the animals primarily being from an area of relatively low exposure to canine heartworm disease. by the owner or were more commonly suspected to have pulmonary arterial hypertension from chronic increased pulmonary venous pressure associated with left heart disease or pulmonary arterial hypertension associated with chronic pulmonary disease or chronic hypoxia. In a population of dogs with a higher incidence of heartworm disease, pulmonary arterial blunting and tortuosity may indeed be a more significant finding for pulmonary arterial hypertension.
As expected, there was a stepwise progression in the mean scores for each grade of pulmonary arterial hypertension severity, increasing from 1.92 (mild pulmonary arterial hypertension) to 2.27 (moderate pulmonary arterial hypertension), for a difference in means of 0.35, followed by an increase from 2.27 to 2.84 (severe pulmonary arterial hypertension), for a difference of 0.57. These were not statistically significant differences. This finding suggests poor reliability of thoracic radiographs to adequately evaluate severity of pulmonary arterial hypertension.
There was a statistically significant difference between the mean scores for each pulmonary arterial hypertension group and the control group. These significant differences supported the effort to evaluate how reliably thoracic radiographs could differentiate the pulmonary arterial hypertension spectrum, that is control dogs (no evidence of pulmonary arterial hypertension) vs. dogs with mild, moderate, or severe pulmonary arterial hypertension, using only the previously described significant radiographic findings from the present study. The three significantly associated radiographic findings (right ventricle, main pulmonary artery, and caudal lobar pulmonary artery enlargement by the 3rd rib method) were highly successful at detecting normal dogs, as indicated by the high specificities (100%, 100%, and 91%, respectively) when evaluating severe pulmonary arterial hypertension vs. control (normal) groups. They did perform poorly, however, at detecting severe pulmonary arterial hypertension cases as indicated by the low sensitivities (48%, 52%, and 64%, respectively).
For example, the sensitivity for caudal lobar pulmonary artery evaluation by the 3rd rib method (which was the highest sensitivity) indicated that only 64% of the severe cases in our study were interpreted to have enlarged caudal pulmonary lobar arteries. The sensitivity of this finding was 52%, 40%, and 9% in moderate, mild, and control cases, respectively. The caudal lobar pulmonary arteries, specifically the right side, have been reported to be typically the first arterial changes noted in pulmonary arterial hypertension cases associated with canine heartworm disease. 20 Combining the radiographic findings was largely unrewarding for diagnosis of severe pulmonary arterial hypertension. The most sensitive method required at least one of the radiographic findings be present. This combination would correctly identify 84% of the severe cases in this study. However, it would falsely identify 9% of the control animals and a large percentage of the mild and moderate pulmonary arterial hypertension cases in which at least one of these findings was present. This again supports the growing evidence that thoracic radiographic changes poorly differentiate the level of severity of pulmonary arterial hypertension. In an attempt to narrow the criteria to differentiate control animals from severe pulmonary arterial hypertension cases, combinations of any two significant radiographic findings or all three significant radiographic findings further decreased sensitivity (56% and 24%, respectively). These combinations did perfectly detect normal animals (100% specificities).
The total number of dogs with pulmonary arterial hypertension in this study (60) was similar to recent studies, with most involving at least 40 cases. 2, 3, 7, 8, 14, 21, 22 Patients were not excluded based on medications or treatment history, as it was felt this would not alter or reverse the types of changes one would expect to see on radiographs (i.e., vascular remodeling and cardiac enlargement patterns). In fact, in one study thoracic radiographs showed no significant change in dogs with pulmonary arterial hypertension when treated with sildenafil, which is a common medication implemented in treatment of pulmonary arterial hypertension. 5 The distribution of mild, moderate, and severe cases of pulmonary arterial hypertension in our study population was relatively evenly distributed, although the control group only included approximately half of the number of cases included in the pulmonary arterial hypertension groups. Higher numbers of cases for each grade of pulmonary arterial hypertension would have been preferred in determining significance of the radiographic findings, though it is unknown whether higher numbers would have altered the results of this study.
There were some notable limitations of the present study. As a retrospective evaluation of clinical cases, it is a limitation that the established gold standard (cardiac catheterization) could not be used to determine the exact degree of pulmonary arterial hypertension.
Although some limitations do exist for cardiac catheterization (including higher cost, lack of availability, the need for technical expertise, and requirement for general anesthesia) it is more accurate than Doppler echocardiography. 1, 7 Doppler evaluation can actually overestimate pulmonary arterial hypertension when flow velocities are measured for high-volume tricuspid regurgitation. 4 However, with a disease process such as pulmonary arterial hypertension, particularly in compromised patients, a non-invasive exam such as Doppler echocardiography is typically more tolerable and provides adequate estimation of systolic pulmonary arterial pressures.
The inherent subjectivity of some radiographic findings can also be viewed as a limitation to a study of this type, although this limitation is intrinsically part of the question this study attempts to answer. Utilizing multiple board-certified veterinary radiologists for image evaluation was an attempt to mitigate some of the effect of subjectivity upon the results, as significance was only determined when at least two of the three reviewers were in agreement upon the presence of a particular finding. In reality, however, it is more often a single veterinary radiologist or other veterinarian who is required to evaluate images and form a diagnostic opinion with some degree of subjectivity being unavoidable.
In light of the body of literature addressing pulmonary arterial hypertension in dogs, it is also important to mention that pulmonary arterial hypertension can have a complex multifaceted underlying pathophysiology with multiple possible causes, as has been described extensively in previous literature. 1, 3, 4, 6, 7, 11 No attempt was made in our study to differentiate the underlying causes, as the interest was 
